Nicotinic and muscarinic ACh receptor agonists and acetylcholinesterase inhibitors (AChEIs) can enhance cognitive function. However, it is unknown whether a common signaling pathway is involved in the effect. Here, we show that in vivo administration of nicotine, AChEIs, and an m1 muscarinic (m1) agonist increase glutamate receptor, ionotropic, N-methyl D-aspartate 2B (GluN2B)-containing NMDA receptor (NR2B-NMDAR) responses, a necessary component in memory formation, in hippocampal CA1 pyramidal cells, and that coadministration of the m1 antagonist pirenzepine prevents the effect of cholinergic drugs. These observations suggest that the effect of nicotine is secondary to increased release of ACh via the activation of nicotinic ACh receptors (nAChRs) and involves m1 receptor activation through ACh. In vitro activation of m1 receptors causes the selective enhancement of NR2B-NMDAR responses in CA1 pyramidal cells, and in vivo exposure to cholinergic drugs occludes the in vitro effect. Furthermore, in vivo exposure to cholinergic drugs suppresses the potentiating effect of Src on NMDAR responses in vitro. These results suggest that exposure to cholinergic drugs maximally stimulates the m1/guanine nucleotide-binding protein subunit alpha q/PKC/proline-rich tyrosine kinase 2/Src signaling pathway for the potentiation of NMDAR responses in vivo, occluding the in vitro effects of m1 activation and Src. Thus, our results indicate not only that nAChRs, ACh, and m1 receptors are on the same pathway involving Src signaling but also that NR2B-NMDARs are a point of convergence of cholinergic and glutamatergic pathways involved in learning and memory. m1 muscarinic receptor | donepezil | hippocampus N icotinic and muscarinic agonists can produce cognitive enhancement (1, 2). Acetylcholinesterase inhibitors (AChEIs) also cause cognitive enhancement by increasing ACh levels (3, 4). However, it is largely unknown whether the effect of ACh is mediated by nicotinic ACh receptors (nAChRs), muscarinic receptors, or both. Studies involving cholinergic lesions and local administration of cholinergic antagonists indicate that both nAChRs and muscarinic receptors located in the hippocampus are of particular importance for learning and memory processes (5-8). However, the mechanisms by which these receptors mediate cognitive enhancement largely remain to be elucidated.
Nicotinic and muscarinic ACh receptor agonists and acetylcholinesterase inhibitors (AChEIs) can enhance cognitive function. However, it is unknown whether a common signaling pathway is involved in the effect. Here, we show that in vivo administration of nicotine, AChEIs, and an m1 muscarinic (m1) agonist increase glutamate receptor, ionotropic, N-methyl D-aspartate 2B (GluN2B)-containing NMDA receptor (NR2B-NMDAR) responses, a necessary component in memory formation, in hippocampal CA1 pyramidal cells, and that coadministration of the m1 antagonist pirenzepine prevents the effect of cholinergic drugs. These observations suggest that the effect of nicotine is secondary to increased release of ACh via the activation of nicotinic ACh receptors (nAChRs) and involves m1 receptor activation through ACh. In vitro activation of m1 receptors causes the selective enhancement of NR2B-NMDAR responses in CA1 pyramidal cells, and in vivo exposure to cholinergic drugs occludes the in vitro effect. Furthermore, in vivo exposure to cholinergic drugs suppresses the potentiating effect of Src on NMDAR responses in vitro. These results suggest that exposure to cholinergic drugs maximally stimulates the m1/guanine nucleotide-binding protein subunit alpha q/PKC/proline-rich tyrosine kinase 2/Src signaling pathway for the potentiation of NMDAR responses in vivo, occluding the in vitro effects of m1 activation and Src. Thus, our results indicate not only that nAChRs, ACh, and m1 receptors are on the same pathway involving Src signaling but also that NR2B-NMDARs are a point of convergence of cholinergic and glutamatergic pathways involved in learning and memory. m1 muscarinic receptor | donepezil | hippocampus N icotinic and muscarinic agonists can produce cognitive enhancement (1, 2) . Acetylcholinesterase inhibitors (AChEIs) also cause cognitive enhancement by increasing ACh levels (3, 4) . However, it is largely unknown whether the effect of ACh is mediated by nicotinic ACh receptors (nAChRs), muscarinic receptors, or both. Studies involving cholinergic lesions and local administration of cholinergic antagonists indicate that both nAChRs and muscarinic receptors located in the hippocampus are of particular importance for learning and memory processes (5) (6) (7) (8) . However, the mechanisms by which these receptors mediate cognitive enhancement largely remain to be elucidated.
Synaptic plasticity is thought to be a critical component underlying learning and memory (9, 10) , and the NMDA receptor (NMDAR) is a key component of synaptic plasticity (9, 11) . Thus, studies of the modulation of NMDAR responses and longterm potentiation (LTP) induction by cholinergic drugs (12) (13) (14) (15) (16) (17) (18) (19) (20) help elucidate the mechanisms of cholinergic facilitation of learning and memory. In vitro acute nicotine can potentiate NMDAR-mediated responses in CA1 pyramidal cells in hippocampal slices via at least two different mechanisms (16, 18) . One of these mechanisms is absent after a selective cholinergic lesion (21) and is paradoxically blocked by the muscarinic antagonist atropine (18) , suggesting not only a critical role of nicotineinduced ACh release but also the involvement of muscarinic receptor activation in the effect of nicotine. This pathway appears to be stimulated by systemic nicotine administration in rats and most likely involves Src signaling (18, 19) , which is known to be initiated via acute activation of m1 muscarinic (m1) receptors in CA1 pyramidal cells (22) . An implication of these observations is that there is a common signaling pathway stimulated by cognitive-enhancing cholinergic drugs, leading to the enhancement of NMDAR-mediated responses in CA1 pyramidal cells. Thus, in this study, we investigated the link between nicotine and NMDARs in rats by administrating drugs that target different cholinergic proteins.
Results
In the following experiments, we gave rats repeated injections of the indicated drugs and then examined hippocampal slices after the drugs had cleared. In this way, we target long-lasting, but not acute, effects of the drugs. To assess the effect of treatment on the NMDAR responses, we measured NMDAR/AMPA receptor (AMPAR) ratios. This readout is independent of the number of synapses activated, and therefore allows for comparison of synaptic currents recorded in different slices.
Activation of Muscarinic Receptors Is Involved in Nicotine-Induced
Enhancement of NMDAR Responses in Vivo. The hippocampus receives extensive cholinergic input from the medial septum/ diagonal band, and it has been shown that both systemic and local
Significance
The cellular mechanisms by which nicotinic and muscarinic cholinergic systems facilitate learning and memory largely remain to be elucidated. This study identified a common signaling pathway stimulated by cognitive-enhancing drugs targeted to nicotinic and m1 muscarinic receptors and acetylcholinesterase. Stimulation of this signaling pathway induces significant increases in glutamate receptor, ionotropic, N-methyl D-aspartate 2B (GluN2B)-containing NMDA receptor (NMDAR)-mediated responses at Schaffer collateral synapses in the hippocampal CA1 region, the most widely studied synapses for a cellular correlate of hippocampus-dependent memory. Because the GluN2B-containing NMDAR is a critical component for long-term potentiation and learning and memory, the identified signaling pathway is most likely involved in the cholinergic control of learning and memory. Thus, targeting components of the pathway may be effective treatment for memory impairment. administration of nicotine increases the release of ACh in the hippocampus in vivo (23) . To examine whether this effect of nicotine leads to the activation of m1 receptors that trigger signaling for the enhancement of NMDAR responses (22) , nicotine was coadministered with pirenzepine, a relatively selective m1 antagonist. NMDAR/AMPAR ratios obtained from rats treated with pirenzepine alone (0.52 ± 0.04, n = 9) were similar to those obtained from PBS-treated rats (0.60 ± 0.05, n = 10), suggesting that administration of pirenzepine alone had no significant effect on NMDAR responses ( Fig. 1 A and B) . Administration of nicotine caused a robust increase in NMDAR/AMPAR ratios (1.12 ± 0.15, n = 10) as reported previously (17) , which were significantly higher than those obtained from both PBS-treated (ANOVA, P < 0.001) and pirenzepine-treated (ANOVA, P < 0.001) rats ( Fig. 1 A and B) . Coadministration of pirenzepine with nicotine prevented the effect of nicotine (0.54 ± 0.05, n = 8; ANOVA, P < 0.001; Fig. 1 A and B) , suggesting that eliciting nicotine's effect requires the activation of m1 receptors. Increased NMDAR/AMPAR ratios could be due to the enhancement of NMDAR excitatory postsynaptic currents (EPSCs) or suppression of AMPAR EPSCs. However, our previous study (17) has shown that this increase is due to the enhancement of NMDAR responses.
In Vivo Exposure to AChEIs Increases NMDAR/AMPAR Ratios via
Muscarinic Receptor Activation. The requirement of m1 receptor activation for nicotine-induced enhancement of NMDAR responses suggests a critical role of nicotine-induced ACh release. To confirm the role of ACh, we elevated the synaptic levels of available ACh by administering AChEIs and determined whether this treatment mimicked the effect of nicotine on NMDAR responses. We used two AChEIs, donepezil and galantamine, currently used for treatment of mild to moderate Alzheimer's disease (AD) and found a robust increase in NMDAR/AMPAR ratios from rats treated with galantamine (1.03 ± 0.05, n = 11; ANOVA, P < 0.001) and donepezil (1.09 ± 0.10, n = 10; ANOVA, P < 0.001) compared with PBS-treated rats ( Fig. 2 A and B) . The observed increases in the ratios were similar to that caused by nicotine exposure (1.12 ± 0.15, n = 10), suggesting a common role of increased ACh levels in the effect. Because blocking m1 receptors prevented the nicotineinduced enhancement of NMDAR responses, we examined whether blocking m1 receptors also prevents AChEI-induced increases in NMDAR/AMPAR ratios. Thus, pirenzepine was coadministered with donepezil to rats. We found that the ratio (0.56 ± 0.04, n = 8; Fig. 2 A and B) was significantly lower than that obtained in rats exposed to donepezil alone (ANOVA, P < 0.001) and was similar to that found in PBS-or pirenzepine-treated rats ( Fig. 1 ). These observations suggest that the increased level of ACh causes the activation of m1 receptors that, in turn, enhances NMDAR responses, and that ACh and m1 receptors are downstream of nAChRs in the pathway.
In Vivo Exposure to a Muscarinic Agonist Increases NMDAR/AMPAR Ratios. The m1 receptor is quite densely expressed in CA1 pyramidal cells, and acute activation of this subtype is known to cause short-lasting enhancement of NMDAR responses (19, 22, 24) . Thus, this subtype is a reasonable target of ACh released from cholinergic terminals during in vivo nicotine and AChEI treatment. Furthermore, our results above suggest that m1 receptors are downstream of nAChRs and ACh. The implication of this is that direct activation of m1 receptors should mimic the effects of nicotine and AChEI on NMDARs. Thus, we used RS86, an m1 receptor agonist (25, 26) , and found that in vivo exposure significantly increased the NMDAR/AMPAR ratio (0.81 ± 0.06, n = 13; P < 0.01) compared with PBS-exposed rats ( Fig. 3 A and B) . Furthermore, when pirenzepine was coadministered with RS86, the effect of RS86 was prevented (0.55 ± 0.04, n = 6; P < 0.01). These observations demonstrate that direct activation of m1 receptors causes the sustained enhancement of NMDAR responses in vivo, supporting our prediction that m1 receptors are downstream of nAChRs and ACh. Bath application of the cholinergic agonist carbachol potentiates NMDAR responses evoked by NMDA puff onto CA1 pyramidal cells, and its effect is prevented in the presence of the selective m1 antagonist m1-toxin (24) . The predominant NMDAR subtypes in CA1 pyramidal cells are those containing glutamate receptor, ionotropic, N-methyl D-aspartate 2A (GluN2A) (NR2A) and GluN2B (NR2B) subunits. It remains unknown whether muscarinic modulation is preferentially targeted to a particular NMDAR subtype. Thus, we pharmacologically isolated NR2A-and NR2B-containing NMDARmediated responses using the NR2B-selective antagonist ifenprodil (3 μM) and the NR2A-selective antagonist NVP-AAM077 (50 nM), respectively, and examined the effect of carbachol on the remaining responses. Application of ifenprodil reduced NMDA responses by ∼68%, whereas NVP-AAM077 decreased responses by about 25% (Fig. 4A) , indicating that the response contains more NR2B than NR2A component. Because NR2B-containing NMDARs are common in the extrasynaptic site in addition to the synaptic site (27, 28) , our observations suggest that NMDA puffs result in activation of both extrasynaptic and synaptic NMDARs. We then found that carbachol potentiated NMDA responses in the presence of NVP-AAM077 (143.4 ± 5.9%, n = 3; P < 0.05) but not in the presence of ifenprodil (107.2 ± 3.1%, n = 3), suggesting that this muscarinic modulation is selectively targeted to NR2B-containing NMDARs (Fig. 4B) .
We previously confirmed that bath application of carbachol (10 μM) enhances NMDAR responses and this effect is blocked by pirenzepine (75 nM) in the naive hippocampus (19) . However, this muscarinic modulation is not found after in vivo exposure to nicotine, suggesting that nicotine exposure alters m1 receptor-mediated signaling (19) . Thus, we next examined whether in vivo exposure to donepezil and RS86 affect m1 signaling. We found that in donepezil-exposed pyramidal cells, as in the case of nicotine-exposed cells, m1 modulation of NMDAR responses was almost absent (donzepil: 109.4 ± 5.2%, n = 4; nicotine: 98.3 ± 12.4% of control, n = 4; Fig. 4C ). However, in RS86-treated pyramidal cells, application of carbachol slightly potentiated NMDAR responses (121.9 ± 9.6%, n = 5; Fig. 4D ), but this muscarinic modulation was significantly less than that in the naive pyramidal cells (168.5 ± 15.9% of control, n = 7; P < 0.01). These findings suggest that the m1 receptor signaling mediating the enhancement of NR2B-containing NMDAR responses is affected by in vivo exposure to these cholinergic drugs.
In Vivo Exposure to Nicotine, Donepezil, and RS86 Enhance NR2B-NMDAR-Mediated EPSCs. We further examined the effects of in vivo exposure to cholinergic drugs on synaptic NR2B-NMDARmediated responses. In control CA1 pyramidal cells, application of NVP-AAM077 caused a 50.7 ± 4.9% reduction in the amplitude of NMDAR-mediated EPSCs, whereas ifenprodil reduced the response by 37.2 ± 2.5% (Fig. 5A) . This supports previous studies (27, 28) showing that CA1 synapses contain more NR2A-containing than NR2B-containing NMDARs. To assess the effects on synaptic NR2B-containing NMDAR responses, we then measured the changes in the ifenprodil-sensitive (NR2B) component of NMDAR-mediated EPSCs. We found that it was enhanced following in vivo nicotine exposure [naive (37.2 ± 2.5%) vs. nicotine (50.3 ± 2.4%); P < 0.05; Fig. 5 B and E] . Furthermore, as in the case of nicotine exposure, in vivo donepezil and RS86 exposure also caused significant increases in the NR2B component (51.1 ± 2.5% for donepezil, P < 0.05; 45.7 ± 3.3% for RS86, P < 0.05; Fig. 5 C-E ). These findings demonstrate that in vivo exposure of cholinergic drugs acting on In Vivo Exposure to Nicotine, Donepezil, and RS86 Affect Src Signaling.
We next investigated the link between m1 receptors and NMDARs. Acute activation of m1 receptors can stimulate the guanine nucleotide-binding protein subunit alpha q (G q )/PKC/proline-rich tyrosine kinase 2 (Pyk2)/Src signaling pathway for the enhancement of NMDAR responses in CA1 pyramidal cells (22) . Thus, Src appears to act as the intermediate signaling molecule between m1 receptors and NMDARs. Because in vivo nicotine exposure appears to stimulate the G q /PKC/Pyk2/Src signaling pathway maximally and, as a consequence, occludes any further potentiation of NMDAR responses by intracellular application of Src (19), we examined the effects of exogenous Src on NMDAR responses after in vivo donepezil and RS86 exposure. We found that infusion of Src into donepezil-exposed cells resulted in almost no effect on the amplitude of NMDAR-mediated EPSCs (103.8 ± 3.7% of control responses, n = 5; Fig. 6 B and D) , although exogenous Src caused a significant increase in the amplitude of NMDAR-mediated EPSCs (134.8 ± 5.5% of control responses, n = 5; Fig. 6 A and D) in naive rats as reported previously (19) . The effect of exogenous Src on NMDAR responses found in slices from donepezil-exposed rats (naive vs. donepezil: P < 0.01) is very similar to that observed in in vivo nicotine-exposed cells, in which exogenous Src had no significant effect on NMDAR EPSCs (99.9 ± 5.0% of control responses, n = 6; naive vs. nicotine: P ≤ 0.01; Fig. 6 A and D) . When we applied Src directly into RS86-exposed pyramidal cells, the enhancement (109.2 ± 3.3% of control responses, n = 5) was significantly less than that observed in the cells of naive rats (134.8 ± 5.5% of control responses, n = 5) (naive vs. RS86: P < 0.01; Fig. 6 C and  D) . These results suggest that both donepezil and RS86 mimic the action of nicotine in vivo. As in the case of nicotine exposure (19) , the significantly reduced Src effects in donepezil-and RS86-exposed pyramidal cells are most likely due to nearly saturated stimulation of the same pathway during in vivo donepezil and RS86 exposure, preventing any further potentiation of NMDAR responses by exogenous Src in vitro. These observations suggest that in vivo exposure to these cholinergic drugs enhances NR2B-NMDAR EPSCs via a common signaling cascade involving Src.
Discussion
The current study demonstrates that administration of cholinergic cognitive-enhancing drugs that act on nAChRs, Representative traces above the graph were taken before and 25 min after bath application of Ifen (3 μM). Effects of bath application of Ifen on NMDAR EPSCs in naive (A), nicotine-exposed (B), donepezil-exposed (C), and RS86-exposed (D) rats are shown. (E) Summary of the ifenprodilsensitive component of NMDAR-mediated EPSCs obtained from naive, Nic-, Done-, and RS86-treated rats. *P < 0.05. acetylcholinesterase, or m1 receptors induces significant increases in NR2B-containing NMDAR-mediated responses in CA1 pyramidal cells of rat hippocampus, a critical component for enhancing LTP and learning and memory (29) .
Role of nAChRs in the Nicotine-Induced Potentiation of NR2B-NMDAR Responses. Cholinergic neurons originating from the medial septum/ diagonal band project to the hippocampus, and these neurons contain α7, non-α7 (possibly α4β2), and α7β2 nAChR subtypes (30, 31) . Activation of any of these nAChRs localized at somatodendritic or presynaptic sites by nicotine potentially increases ACh release in the hippocampus (23) . α7β2 nAChR subtype is highly sensitive to functional inhibition by pathologically relevant concentrations of amyloid peptides (31) . If this subtype is involved in nicotine-induced ACh release to trigger the cholinergic signaling, it would provide a possible mechanism for deficits in cholinergic signaling contributing to cognitive function in early AD. In hippocampal slices, bath application of nicotine enhances NMDAR responses in CA1 pyramidal cells (18) . This effect of nicotine is paradoxically blocked by atropine and is absent after a selective lesion of cholinergic neurons by 192-IgG-saporin (18, 21) . These observations suggest that the effect of nicotine is most likely secondary to increased release of ACh via activation of presynaptic nAChRs at cholinergic terminals in hippocampal slices and involves postsynaptic muscarinic receptors. In vivo exposure to nicotine increases ACh release (23) and enhances NMDAR responses in CA1 pyramidal cells (17) . The current study demonstrates that this enhancement is prevented by coadministration of pirenzepine with nicotine, suggesting the involvement of muscarinic receptor activation in the effect. Thus, in vivo and in vitro nicotine exposure appears to stimulate the same signaling pathway, and repeated in vivo exposure to nicotine maintains the effect.
Role of m1 Receptors in Cholinergic Drug-Induced Potentiation of NR2B-NMDAR Responses. Although RS86 has been used as an m1 receptor agonist (25, 26) , its selectivity under the conditions used remains unknown. Nevertheless, the fact that the effect of RS86 is blocked by coadministration of pirenzepine suggests that the effect of RS86 is due to direct stimulation of the m1 receptormediated signaling cascade. However, pirenzepine also has a relatively high affinity for the m4 subtype of muscarinic AChRs and is proposed as an inverse agonist of the m2 subtype (32, 33) . Thus, it is not clear whether the doses of pirenzepine used in our experiments achieved selectivity for the m1 subtype. Nevertheless, our observations that pirenzepine blocked the effects of nicotine, AChEIs, and RS86 on NR2B-NMDAR responses suggest the involvement of muscarinic receptor activation in the effects. Pirenzepine has been shown to stimulate ACh release (34) , although the mechanism is unclear. The m2 receptors are located on presynaptic cholinergic terminals projecting to the hippocampus (35) . Activation of this muscarinic subtype inhibits the release of ACh, whereas blockade of this subtype leads to increased levels of ACh (2, 36, 37) . Thus, pirenzepine might act as an inverse agonist at the m2 subtype and increase levels of ACh. This effect of pirenzepine should mimic the effects of nicotine and AChEIs. However, our current study demonstrated that administration of pirenzepine had no effect on NMDAR/AMPAR ratios. Pirenzepine might enhance ACh levels via the m2 receptor, but pirenzepine acting through m1 receptors on postsynaptic CA1 pyramidal cells prevented its effect on NR2B-NMDAR responses. The m1, m3, and m5 receptors can couple to the G q family, G q and G 11 (38) , and are expressed in pyramidal cells (39) . However, muscarinic receptor-stimulated G q/11 -specific 35 SGTPγ (GTP labeled on the gamma phosphate with 35 S) binding to G proteins, which has been used as a sensitive assay of G protein-coupled receptor activation, was virtually abolished in the hippocampus of m1 receptor KO mice (38) . This suggests a role for the m1 receptor subtype as the primary G q/ 11 -coupled muscarinic receptor in the hippocampus. Thus, it is mostly likely that m1 is the muscarinic receptor subtype involved in the nicotine-, AChEI-, and RS86-induced enhancement of NMDAR responses, and that the effects of pirenzepine are due to blocking this muscarinic receptor subtype.
Possible Role of NMDAR Activation in Cholinergic Drug-Induced Potentiation of NR2B-NMDAR Responses. Tyrosine phosphorylation of NMDARs returns to basal levels when stimulation of the Src signaling cascade is terminated, and protein tyrosine phosphatases remove phosphate groups. Thus, modulation of NMDARs by tyrosine phosphorylation is likely to be short lived. However, our data demonstrate that enhancement of NMDAR function in cholinergic drug-exposed pyramidal cells is sustained, suggesting the involvement of an additional mechanism for the sustained increase in NMDAR responses. We expect that each administration of cholinergic drugs activates m1 receptors to potentiate NMDAR responses via a G q /PKC/Pyk2/ Src signaling cascade (22) , thereby increasing Ca 2+ entry through NMDARs. In addition to PKC, Pyk2 is activated by Ca 2+ , and therefore enhanced Ca 2+ entry through NMDARs may set up a feedforward cycle that maintains activation of Src, and thereby sustained up-regulation of NR2B-NMDAR function. This may explain why exogenous Src had no significant effect on NMDARmediated responses in nicotine-, donepezil-, and RS86-exposed pyramidal cells.
Role of Cholinergic Drug-Induced Potentiation of NR2B-NMDAR Responses in LTP. It is known that activation of m1 receptors in CA1 pyramidal cells enhances NMDAR-mediated responses (22, 24) . However, to our knowledge, the present study is the first to demonstrate that this effect is due to selective enhancement of NR2B-NMDAR responses, providing a link between m1 receptors and NR2B-NMDARs. This link is most likely involved in m1 receptor-mediated facilitation of LTP induction in the hippocampal CA1 region (15) . Because transgenic mice overexpressing NR2B in the forebrain show enhanced LTP and learning and memory (29) , the pathway found in the present study may be critically involved in cholinergic druginduced cognitive enhancement. Repeated in vivo nicotine exposure results in the facilitation of LTP induction and longlasting LTP that is NR2B-containing NMDAR-dependent and protein synthesis-independent (12, 17) . Furthermore, repeated in vivo treatment of animals with AChEIs also causes longlasting LTP in the hippocampal CA1 region (40) . The longlasting nature of LTP might imply an important role of the cholinergic NR2B-NMDAR pathway revealed in the current study in long-term memory formation.
AChEIs cause cognitive enhancement via their ability to increase ACh levels, and they are the primary treatment for the cognitive impairments of AD. In addition to AChEIs, clinical studies using nicotine skin patches show the efficacy of nicotine in treating cognitive deficits associated with AD (1), and RS86 also shows positive clinical changes in cognitive function in a minority of patients with AD (41). Our current study indicates that AChEIs, nicotine, and RS86 all potentiate NR2B-containing NMDAR responses via an m1/G q /PKC/Pyk2/Src signaling pathway. Global KOs of m1, G q , and Src are known to affect NMDARdependent LTP induction in mice (15, 42, 43) . Furthermore, cholinergic lesions impair the signaling pathway (18, 21, 44) , and the overproduction of β-amyloid causes uncoupling of m1 receptor/ G protein interaction (45) . Thus, deficits in the signaling pathway most likely contribute to the loss of cognitive function in AD. Indeed, impaired coupling of m1 receptors to G proteins is associated with the severity of dementia in AD (46) . Thus, the identified cholinergic-glutamatergic signaling appears to be a critical pathway involved in cognitive function that is affected in AD.
Materials and Methods
Methods are described in detail in SI Materials and Methods. All animal procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (47) and with
